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Abstract
Cell cycle progression is driven by the sequential activation of a family of cyclin-
dependent kinases (CDKs), which phosphorylate and activate proteins that execute 
events critical to cell cycle progression. Cell cycle checkpoints are scrutiny points that 
display the order, integrity, and fidelity of the major proceedings of the cell cycle. 
These comprise development to the correct cell size, the replication, integrity of the 
chromosomes, and their precise separation at mitosis. Many of these mechanisms are 
prehistoric in origin and highly preserved and hence have been deeply well versed by 
studies in model organisms such as the yeasts as well as in higher organisms. These 
molecular mechanisms switch alternative cell fates with substantial impact on tumor 
suppression. In the present study, we have explained different checkpoint pathways 
and the consequences of their dysfunction on cell fate in cancer.
Keywords: cell cycle, breast cancer, drug resistance, tumor suppressor genes, 
oncogenes
1. Introduction
Deregulation in cell cycle is a remarkable feature of tumor cells [1, 2]. Cell cycle 
helps to maintain homeostasis of normal cell growth and viability in a compact 
process. Cell cycle occurs in four phases as follows:
• preparation for cell division in G1 phase;
• process of DNA synthesis in S phase;
• G2 phase for cell growth and enzyme production; and
• mitosis: M phase, which is regulated by several controlled events, directs the 
replication of DNA and cell division [3].
The transitions between G1 to S and G2 to M phase are governed by changes 
in the kinase activity of CDKs [4]: Cdk1, Cdk2, Cdk4, Cdk6, and cyclins. Cyclins 
are the regulatory units, and CDKs contain the catalytic subunit of an activated 
heterodimer. The cyclin binds to CDKs and gets activated by forming CDK/cyclin 
complex by phosphorylation leading the dividing cell into next phase of cell cycle. 
During G1 phase, the predominant cyclin-CDK complexes are cyclin D-Cdk4, 6, 
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cyclin E-Cdk2, cyclin A-Cdk2 during S phase, cyclin A-Cdk1, and cyclin B-Cdk1 
during G2/mitotic phases. The control of the G2/M transition is important in all 
cancers resulting in chromosomal aberrations, but the G1/S transition involves 
many of the important cell-cycle events that may be altered in breast cancer. G1/S 
transition involves functions of the oncogenes/tumor suppressors cyclin E, cyclin 
D1, and p27 [5]. The oncogenic processes do occur by targeting the regulators of G1 
phase progression [6]. During the G phase, cells respond to extracellular signals by 
either going into next division or withdraw from the cycle and thus are arrested in a 
state (Go). G1 progression is dependent on stimulation by mitogens or growth fac-
tors and can be blocked by anti-proliferative cytokines, but cancer cells do not obey 
these controls. Cancer cells remain in a continuous cycle of cell division by halting 
maturation and terminal differentiation. Once the cells pass a restriction point late 
in G1, they do not respond to extracellular growth regulatory signals and commit 
themselves to the independent program that causes cell division. The cells, which 
pass through the restriction point G1 and enter into S phase, which is controlled by 
cyclin-dependent protein kinases (CDKs) that are regulated by cyclins D, E, and A, 
are committed to divide.
Cyclin D acts as growth factor regulator in response to extracellular signals in 
the cell cycle. The activity of Cyclin D depends on mitogenic stimulation upon 
binding with CDK4 and CDK6. Once bound, the catalytic activity of this complex is 
maximum in G1-S phase transition, but withdrawal of mitogen causes stoppage of 
cyclin D synthesis, and thus, the D cyclins holoenzyme activities decay rapidly, and 
the cells exit the cycle [7]. So, if cyclin DI-dependent kinase activity is lost before 
the restriction point, it prevents cells from entering S phase [8]. To pass through first 
check point – G1 phase that occurs in normal cell cycle, cyclin D-dependent kinases 
should phosphorylate protein retinoblastoma tumor suppressor protein (RB) [9]. 
As the hyper-phosphorylated RB gets dissociated from E2f, DP1, RB complex will 
result in the activation of E2F genes and leads to transcription of several genes such 
as cyclin E, cyclin A, and DNA polymerase. RB and other RB-like proteins (pI30, 
P107), which regulate gene expression which in turn are regulated by a family of het-
erodimeric transcriptional regulator E2Fs [10], which can transactivate genes and are 
required for S phase entry [11]. INK4 proteins inhibit (inhibitors of CDK4 and CDK6 
INK4 proteins can directly block cyclin D-dependent kinase activity and cause G1 
phase arrest) cyclin D-dependent kinases that phosphorylate RB. RB pathway does 
not functioning normal, which is feature of cancer cells [12]. The RB is inactivated 
by phosphorylation or by DNA damage; RB gene causes shrinking of G1 phase, and 
cell size is decreased. The mitogens and other signals required for cell are still present 
[13]. As the RB negative cells have few requirements for growth factors, these factors 
in addition to RB phosphorylation work for restriction point control [14]. As the cell 
cycle proceeds, the cyclin A- and cyclin B-dependent kinases keep RB in its hyper-
phosphorylated state. RB is not dephosphorylated until mitosis is completed and 
again renters the GI phase or Go. The activity of cyclin A synthesis occurs later in GI 
and is important for the G1-S transition, as blockage of cyclin A function in cells can 
also block S phase entry. For cell cycle progression, the inactivation of cyclin E and 
E2F is important when the cell enters S phase [15]. Cyclin B, B-cdc2 complex leads to 
stimulation of nuclear envelope and initiation of prophase, but its deactivation leads 
the cell to exit mitosis [16].
2. Drug resistance
Hindrance in treating cancer patient mainly occurs by drug resistance [17]. 
Targeted therapies on breast cancer depend on the type of receptor being 
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implicated by the expression of estrogen receptor (ER), progesterone receptor 
(PR), and overexpression of Her2/neu [17]. The therapeutic agents given in such 
cases, which eventually develop resistance as an acquired drug resistance, are 
clinically bigger challenge to treat. Thus, patient’s resistant to chemotherapy has 
poor prognosis and overall poor survival [18].
2.1 Cell cycle regulation in tamoxifen-resistant breast cancers
The main drug given to patients expressing estrogen receptor is tamoxifen, which 
is the first therapeutic agent for the estrogen or progesterone receptor expressing 
breast cancers, mostly in premenopausal women with or without conventional 
chemotherapeutic agents [19]. The estrogen receptor (ER) induction occurs during 
G0/G1 phase in MCF-7 cells and breast cancer cells [19]. In the late S-phase, a rapid 
increase in ER has been reported [19]. A tamoxifen-resistant phenotype was devel-
oped by long-term exposure of MCF-7 xenografts to tamoxifen resulted in an altered 
expression of ER during the G0/G1 phase [19]. It has been shown that tamoxifen-
resistant MCF-7 cells express higher levels of cell cycle regulators cyclin E1 and 
CDK2 than parental cells [20]. It has been shown that cyclins E1 and E2 were over-
expressed in the tamoxifen-resistant cells when compared with parental MCF-7 cells 
[20]. TAMR cells may be dependent on cyclin E more than MCF-7C, which indicates 
that CDK2 is inhibited and is a potential therapeutic marker in endocrine-resistant 
breast cancer [20]. Cyclin E2 downregulation is required for anti-estrogen inhibition 
of cell proliferation; cyclin E2 overexpression is associated with endocrine resistance 
in breast cancer providing reason for deregulation of the cell cycle in endocrine 
resistance [21–24].
3. Genes associated with breast cancer development and its progression
There are various genes associated with breast cancer, and how these respond to 
different treatments are mentioned as follows:
3.1 EGFR
Epidermal growth factor receptor EGFR (ERBB1 or HER1) is from ERBB family 
of cell-surface receptor tyrosine kinases including HER2, also known as NEU or 
ERBB2 [25, 26]. The epidermal growth factor receptor family consists of four cell 
surface receptors; EGF receptor also called as HER1, HER2 or neu, HER3, and 
HER4. Epithelial growth factor binds to the receptor and stimulates homo/hetero 
dimerization of receptor with other ERBB member like HER2, receptor phos-
phorylation, which makes binding sites available for cytosolic proteins containing 
src homology 2 (SH2) domains [27]. EGFR growth factors cause activation of 
downstream effectors such as RAS-RAF-MEK-ERK-MAPK and PI3K-AKT-mTOR 
pathway. PI3K-AKT-mTOR sources irreversible entry of the cell in S phase of cell 
cycle resulting in cell proliferation [28]. There are various EGFR ligands such 
as transforming growth factor-α (TGF-α), amphiregulin, epigen, betacellulin, 
heparin-binding EGF, and epiregulin [29]. EGFR has an important involvement in 
cellular differentiation, motility, survival, and tissue development [30]. There are 
many copies of the EGFR gene in some of the breast cancer cells termed as EGFR 
amplification, which effects on behavior and response of cancer cell. There are 
other EGFR-positive cancers like colon cancer, which respond to medicines that 
target EGFR-positive cancers [31]. In a clinical study, there was an increase in EGFR 
gene copy number in about 6% of breast cancers and protein overexpression in 
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7% of breast cancers [32]. The study also showed that increased EGFR gene copy 
number changes, and protein overexpression was seen mostly in ER negative, PR 
negative, and HER2 negative (triple negative) cases with three exceptions that are 
HER2-positive cases in total of 175 cases (reference). The study was similar to that 
of gene expression profiling studies, which have identified EGFR expression mainly 
in basal-like breast carcinomas (reference). There was another subtype of breast 
carcinoma that showed an increase in EGFR copy number, or EGFR protein expres-
sion is the heterogeneous category of metaplastic carcinoma. These tumors are 
subtypes called as basal-like breast carcinomas [33] and were seen in 47 metaplastic 
breast carcinomas in which EGFR protein overexpression was in 32 cases, but gene 
amplification (as >5 EGFR gene copy number) was seen only in 11 of these 32 
(34%) cases [33]. There are other studies that have shown that EGFR gene ampli-
fication and EGFR protein overexpression in various organ systems have found 
similarity in approximately 50% cases [34]. EGFR protein expression is the result of 
multiple genomic processes of which EGFR gene amplification is only one of them 
[34]. EGFR protein expression is seen in breast carcinoma, which is mostly triple 
negative, and there exists a relation between EGFR gene copy number and protein 
expression, but relation is not as strong as seen with HER2 [34]. The therapeutic 
use of EGFR as a responsive marker in breast carcinoma is being studied and needs 
to identify breast cancer patients that will respond to EGFR-related therapies. A 
new mechanism-based inhibitors and combination therapies are being worked to 
overcome therapeutic resistance in tumors [34–36].
3.2 HER2
HER2 gene is amplified in breast cancers by about 20% categorized as HER2-
positive breast cancers [37], the extra HER2 protein leads to increase in activa-
tion of signal pathway, which results in uncontrolled growth and occurrence of 
cancer. Breast tumors having HER2 overexpressed proteins are more aggressive 
than other breast tumors [37]. This results in poorer prognosis in patients and 
decreased survival rate compared with patients whose tumors do not overexpress 
HER2 [37]. The inhibition of HER2 signaling will provide a tool to reduce breast 
cancer. Monoclonal antibodies like lapatinib are used to inhibit the signaling [37]. 
Herceptin (trastuzumab) is also a monoclonal antibody binding to HER2 [37]. 
This stops receptor from activating the signaling pathways, which is responsible 
for proliferation and survival of breast cancer cells [37]. Herceptin also causes 
inhibition of cancer cell growth by activating an immune response, which will 
damage nearby cells [37]. It is used to treat breast cancer only in tumor overex-
pressing HER2 with at least one high risk like estrogen receptor or progesterone 
receptor negative, pathologic tumor size greater than 2 cm, Grades 2–3, age less 
than 35 years [37]. Herceptin is used in combination with paclitaxel for first-line 
treatment of HER2-overexpressing metastatic breast cancer [37].
And as a single agent for treatment of HER2-overexpressing breast cancer in 
patients who have received one or more chemotherapy regimens for metastatic 
disease [33, 37, 38].
3.3 HSP27
Heat shock protein 27 (HSP27) is the small molecular weight heat shock protein 
(HSP) family (12–43 kDa). HSP27 and different members of small HSP family pos-
sess a conserved c-terminal domain, the α-crystallin domain, which is similar to the 
vertebrate eye lens α-crystallin [39]. HSP27 was originally characterized in response to 
heat shock as a protein chaperone making proper refolding of damaged proteins [40]. 
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It has been seen that HSP27 protein also responds to cellular stress such as oxidative 
stress and chemical stress. HSP27 is a protein, which functions as a protein chaperone, 
as an antioxidant helps in inhibition of apoptosis and actin cytoskeletal remodeling, 
regulation of cell development, cell differentiation, and signal transduction [41]. 
The oligomerization state of HSP27 is due to chaperone activity as the aggregates 
of large oligomers have high chaperone activity, whereas dimers have no chaperone 
activity. Large aggregates are formed under heat shock [40]. Hsp27 occurs in all cell 
types, mostly of muscle cells. It is located mainly not only in the cytosol but also in the 
perinuclear region, endoplasmic reticulum, and nucleus. It is overexpressed during 
cell differentiation and development. It has an essential role in the differentiation of 
tissues [41].
HSP27 functions as an antioxidant during oxidative stress, which lowers the 
levels of reactive oxygen species (ROS) by increasing the levels of intracellular 
glutathione and lowering the levels of intracellular iron [40, 42]. During chemical 
stress, protein acts as an anti-apoptotic agent through mitochondrial-dependent 
and -independent pathways of apoptosis [43]. During Fas-FasL-mediated apopto-
sis, HSP27 binds DAXX and stops the binding of Ask1 by DAXX [43]. HSP27 also 
interplays with Bax and cytochrome c stopping mitochondrial-dependent apoptosis 
[43]. HSP27 is mostly useful in protection from programmed cell death by inhibi-
tion of caspase-dependent apoptosis [43]. The anti-apoptotic properties of HSP27, 
which occur due to chemical stress, have been useful in chemotherapies such as 
doxorubicin and gemcitabine [44, 45]. HSP27 regulates actin cytoskeletal dynamics 
during heat shock and stress conditions, promotes both actin polymerization, and 
concerts as an actin capping protein. The upregulation of HSP27 is a biomarker 
acting in some of the disease subsequently, a cell safeguards itself from death or 
reduces oxidative stress by the help of HSP27 [46].
In vitro studies have shown that HSP27 acts as an ATP-independent chaperone 
by inhibiting protein aggregation and stabilizing partially denatured proteins, 
which ensures refolding by the Hsp70-complex [46]. It also preserves the focal 
contacts fixed at the cell membrane [46]. The main function of Hsp27 is to provide 
thermo tolerance in vivo, cytoprotection, and support of cell survival under stress 
conditions [46]. Another function of Hsp27 is the activation of the proteasome. It 
speeds up the degradation of irreversibly denatured proteins and junk proteins by 
binding to ubiquitinated proteins and to the 26S proteasome [46]. Hsp27 enhances 
the activation of the NF-κB pathway that controls a lot of processes, such as cell 
growth and inflammatory and stress responses [47]. Various reports have con-
firmed that cytoprotective properties of Hsp27 have been attributed to its ability to 
modulate reactive oxygen species production and to raise glutathione levels [47]. 
Hsp27 is known to play a role in the process of cell differentiation [47].
Hsp27 expression is varied in several cells such as Ehrlich ascites cells, embry-
onic stem cells, normal B cells, B-lymphoma cells, osteoblasts, keratinocytes, and 
neurons [47]. The upregulation of Hsp27 relates with the rate of phosphorylation 
and with an increase in large oligomers [48]. It is possible that Hsp27 plays a crucial 
role in the termination of growth [40].
3.4 HSP27 in breast cancer
Tumor cells show an increase in transcription of heat shock proteins (HSPs) due 
to loss of p53 functions and increased expression of proto-oncogenes such as HER 
and c-Myc, which is important for tumorigenesis [49]. Cellular protection and pro-
tein folding being the entailed function of HSPs are operative during oncogenesis 
[49]. Since tumor cell growth and survival are enabled by the increased expression 
of HSPs. HSP27 is mostly the important heat shock protein involved in protection 
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from programmed cell death by inhibiting caspase-dependent apoptosis [45]. Since 
HSP27 has been associated with poor prognosis in many types of cancers such as 
gastric, liver, and prostate carcinoma, osteosarcoma, rectal, lung, and breast cancer 
[45]. HSP27 has been reported to play an important drug resistance in breast cancer, 
and some other cancers, HSPs, are involved in immune tolerance by cancer cells 
and are important targets for cancer therapy process [50]. A study done by Langer 
et al. in 2008 found that the protein expression profiles in patients with esophageal 
adenocarcinomas from two groups have shown as responsive and nonresponsive 
to neo-adjuvant platin and 5-fluorouracil based chemotherapy. The study showed 
that low HSP27 expression has a correlation with nonresponsiveness to the chemo-
therapy application [49]. It shows that low levels of HSP27 expression are associated 
with a negative outcome in cancer. HSP27 levels were studied in patients having 
colon or rectal cancer [49]. It showed that high HSP27 expression level results in 
incomplete resection margins in rectal cancer and poor survival.
HSP27 expression was not having any role in survival of colon cancer group but 
was related to poor survival in the rectal cancer group [49]. The metastatic breast 
cancer cell lines, which overexpress Her2 and are resistant to Herceptin (SK-BR3 
HR), also overexpress HSP27 [49]. The downregulation of HSP27 protein levels was 
shown by transfecting with siRNA, where Herceptin resistance was also reduced 
in SK-BR3-HR cells [49]. HSP27 could form a complex with Her2, resulting in a 
potential mechanism by which the protein potentiates [51]. Her2 overexpressing 
breast cancer tumors have showed increased expression of phosphorylated HSP27, 
particularly at serine 78 [51, 52].
3.5 H2AX (H2A histone family, member X)
Histone H2A is programmed by a gene H2AFX (H2A histone family, member 
X), as H2A is one of the four core histones of DNA in humans and eukaryotes [53]. 
H2AX helps in nucleosome formation and in the structure of DNA. DNA known as 
the most stable material present, whose damage occurs due to ionizing radiation, 
hypoxia, reactive oxygen species, chemicals, and replication or transcriptional errors, 
which causes activation of DNA repair pathway [53]. Different materials can cause 
different types of damage in DNA-like double stranded breaks (DSBs), where both 
DNA strands have been cleaved [53]. If the damage occurred is not repaired, DSBs 
are lethal for the cell. DNA damage leads to an activation of the DNA damage repair 
pathway, phosphorylation of histone H2AX on serine 139. Activation of downstream 
pathway is done by the kinases of the PI3 family (ataxia telangiectasia mutated, 
ATR, and DNA-PKcs), which are responsible for this phosphorylation, especially 
ATM. γ-H2AX enrolls other factors, for example, 53BP1, BRCA1, MDC1, and the 
MRE11-RAD50-NBS1 (MRN) complex to sites of damage [53]. The DSBs, which are 
not repaired due to irradiation induced γ-H2AX foci, have been used in tumors as a 
biomarker for sensitivity to radiotherapy [54]. Endogenous γ-H2AX foci are pres-
ent in normal primary human cells and tissues [54]. In tumor cells, phosphorylated 
H2AX exists in different levels in the absence of exogenously DSBs [54]. Instability 
of chromosomes occurs in cells having more endogenous foci [41]. The colocalization 
of these endogenous foci in association with other DNA repair factors, for example, 
53BP1, MRN complex shows that DNA repair occurs at these sites [54]. The endog-
enous expression of γ-H2AX is present not only in tumor cell lines but also in cancer 
tissues and in their precursor lesions, which gives an insight into activated DNA 
damage repair in tumorigenesis [55]. The endogenous expression of DNA damage 
response factors is also due to damaged, shortened telomeres and hypoxia [56, 57].
Constitutive γ-H2AX expression is higher in triple negative and in BRCA1 and 
p53-mutated breast cancer cell lines, which makes a relation between endogenous 
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γ-H2AX expression and 53BP1 expression in breast cancer tissue [55]. Other studies 
have also supported that triple negative breast cancers are having more endogenous 
γ-H2AX expression and have higher chances of carrying errors in components of 
the DNA damage repair pathway [55, 57]. Higher occurrence of γ-H2AX positive is 
present in basal like and triple negative tumors that are BRCA1 mutation carriers. 
So, the breast cancer patients having high endogenous γ-H2AX or 53BP1 expression 
showed a subset of triple negative tumors with poor prognosis. The expression of 
endogenous γ-H2AX in cancers is due to telomeres (protective structures that form 
the chromosome ends in eukaryotes) [57].
Cell having DNA damaged after duplication of DNA results in shortened telo-
meres after every cell cycle, so in precancerous event, there occurs shortening of 
telomeres and activation of telomerase, an enzyme necessary for telomere lengthen-
ing [58]. Telomere shortening in normal process is an action for replication arrest and 
replicative senescence, but in the absence of a telomeric structure, chromosome ends 
are not stable and are likely either to undergo degradation, combining with other 
chromosomes resulting in genomic instability or having DNA double-stranded breaks 
[58]. A good number of endogenous γ-H2AX foci present, which do not have actual 
double-stranded breaks, are in fact uncapped telomeres, but the DNA damage and 
phosphorylation of H2AX at these sites occur due to nonfunctioning of telomere [58]. 
Telomere-associated chromosomal rearrangements may lead to a tumor phenotype 
with the associated immortality and replicative potential without any barrier [58, 59].
4. PARP poly ADP ribose polymerase
4.1 PARP in normal cells
PARP1 (protein) repairs single-strand breaks of DNA in a normal cell when it 
is damaged or mutated, and the cell survives when its DNA repaired, but some-
times when the DNA repair mechanism fails, the cell undergoes suicidal apoptotic 
process, subsequently that the damaged DNA is not passed to progeny cells [60]. 
When DNA is damaged or requires repair, one of the proteins, which is involved 
in repairing damaged DNA, is poly (ADP ribose) polymerase 1, or PARP1 moves 
at the site of damage, gets activated, and enables various DNA repair proteins to 
repair the broken strand of DNA, but if the breaks in DNA are not repaired until 
DNA replication occurs, then the replication itself causes double-strand breaks to 
form [60]. Inhibition of PARP1 is done by number of drugs, which causes double-
strand breaks. Tumors having BRCA1, BRCA2, or PALB2 mutations where repair is 
not done, the double-strand breaks cannot be repaired causing death of cells [61]. 
In normal cells, DNA replication is not as frequent as in cancer cells, and they also 
do not have mutated BRCA1 or BRCA2 but have homologous repair mechanism, 
which makes them to survive the inhibition of PARP [61]. There are cancer cells 
that lack the tumor suppressor PTEN and maybe sensitive to PARP inhibitors 
because of downregulation of Rad51, a critical homologous recombination com-
ponent [33]. A study has shown that PARP inhibitors may also be effective against 
PTEN-defective tumors like prostate cancers. Most of the tumors are sensitive to 
PARP inhibitors [61].
4.2 PARP in breast cancer cells
DNA damage in dividing cells or tumor cells is caused mainly by the chemo-
therapeutic drugs and radiation therapy, but if PARP repairs the damage caused by 
these agents, the tumor cells survive and grow.
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4.3 Inhibiting PARP: mechanism of action
The preclinical studies have shown that standard therapies alone are not as 
effective as in combination with PARP inhibitors; they are used in cancer cells, which 
make protein unable to function during chemotherapy, which results in apoptosis of 
the cell where DNA is unrepaired [61]. In inherent DNA repair defects, such as breast 
tumors with mutations in the DNA repair proteins BRCA1 or BRCA2, PARP inhibitors 
are effective as single agents, and they undergo an arrest of the cell cycle and apopto-
sis on exposure to PARP inhibitors, whereas cells with normal BRCA proteins survive 
and continue to grow [61]. It has also been predicted that cancer cells with BRCA1 or 
BRCA mutations are more sensitive to PARP inhibitors to undergo growth arrest and 
apoptosis than cells with normal BRCA1 or BRCA2 [61]. This occurs due to combina-
tion of PARP and loss of BRCA1 or BRCA2 function causing inactivation of two major 
forms of DNA repair [61], and the damaged cells are not able to maintain the integrity 
of their genome and become more prone to apoptosis [37, 38, 62].
Function of PARP inhibitors is to block PARP enzyme activity, which stops the 
repair of DNA damage and causes the cell death [62]. In one of a clinical study that 
has shown the PARP inhibitors localize PARP proteins near the site of DNA damage, 
which suggests its role in antitumor activity [62]. The PARP inhibitors are able to 
trap PARP proteins on damaged DNA, and this function varies among inhibitors, 
for example, PARP family of proteins in humans includes PARP1 and PARP2, which 
are used in binding of DNA and protein repair action [63]. DNA damage causes 
activation of these proteins; they recruit other proteins that are actually involved 
in repairing DNA [63]. In normal condition, PARP1 and PARP2 are released from 
DNA when the repair mechanism is in process [64]. The study shows that when 
they are attached to PARP inhibitors, PARP1 and PARP2 become trapped on DNA 
[38]. The trapped PARP-DNA complexes are more harmful to cells than the single-
strand DNA breaks, which are not repaired that accumulate in the absence of PARP 
activity resulting in harmful action of PARP inhibitors [38, 62]. There may be two 
classes of PARP inhibitors, catalytic inhibitors that block PARP enzyme activity 
and do not trap PARP proteins on DNA and dual inhibitors that both inhibit PARP 
enzyme activity and act as PARP poison [38, 63, 64]. Various PARP inhibitors are 
used in clinical trials as shown in Table 1.
4.4 PARP in combination with chemotherapy
A number of studies have been done to see the toxicity with PARP inhibitors as 
monotherapy in tumors with homologous recombination defects and have been 
compared with chemotherapy [68]. Moreover, in some studies, combination of 
PARP inhibitors Cancer types References
BMN-673 BRCA mutated breast cancer [62]
Olaparib Breast, ovarian, and colorectal cancer [15]
Veliparib Melanoma and breast cancer [65]
CEP 9722 Non-small-cell lung cancer [66]
MK 4827 Inhibitor of PARP1 and PARP2 [67]
3-aminobenzamide PARP inhibitor [67]
Rucaparib Metastatic breast and ovarian cancer [15]
Table 1. 
PARP inhibitors used in various types of cancers.
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PARP inhibitors is used in combination with chemotherapy. PARP inhibitors as 
known can act as chemo sensitizing agents [68]. The resistance to chemotherapy 
drugs occurs when PARP repairs the DNA damage caused by these agents, for 
example, temozolomide is an alkylating agent, which causes DNA damage in which 
PARP inhibitors act as potential anticancer agents [68].
4.5 PARP in combination with radiotherapy
Radiotherapy causes DNA strand breaks leading to DNA damage and cell death; 
however, it kills all of the targeted cells, having side effects [68]. Combining radia-
tion therapy with PARP inhibitors has been used to overcome the side effects as 
these inhibitors form double-strand breaks from the single-strand breaks generated 
by the radiotherapy in tumor tissue with BRCA1 or BRCA2 mutations. In such cases, 
the combinatorial therapy leads to better and efficient response with less dose of 
radiation [68].
5. ROS
Reactive oxygen species (ROS) are reactive molecules containing oxygen [69]. 
These molecules are formed when a chemical reaction takes place, for example, 
between oxygen ions and peroxides [69]. ROS plays an important role in cell signal-
ing and homeostasis, due to environmental stress like UV or heat exposure, and 
ROS levels are increased, which damage cell structure and its function [69].
5.1 ROS in cancer
ROS being secondary messengers in cell signaling are required for various 
biological processes in normal cells; any dysfunction in redox balance results in 
human cancers [27]. ROS are increased mostly in cancer cells when oncogenes are 
activated, and there is lack of blood supply, which initiates progression and metas-
tasis of cancer [27]. ROS levels decide the difference between tumor and nontumor 
cells [27]. Generation and elimination of ROS at the same time in the system are the 
expenditure to operate regulatory pathways in a normal physiological condition of 
cell, and this process is balanced by scavenging system [27]. When oxidative stress 
occurs, ROS are generated more, which cause carboxylation of cellular proteins, 
peroxidation of lipids, and DNA damage leading to dysfunction of cell resulting in 
carcinogenesis, while in cancer cells, ROS stress causes increased metabolism and 
mitochondrial dysfunction [27]. Consequently, ROS have dual function, on one 
side, it helps in survival of cancer cell, as cell cycle progression, which is regulated 
by growth factors via receptor tyrosine kinase activation and chronic inflamma-
tion, is regulated by ROS [62]. On an altered side, an increase in ROS level sup-
presses tumor growth by activating cell cycle inhibitors, which induces cell death 
and senescence by damaging macromolecules [62]. This dual mechanism helps in 
chemotherapy and radiotherapy, where cancer cells are killed by ROS stress. The 
cancer cells are able to differentiate between ROS as survival or apoptotic signal 
because of the dosage, duration, type, and site of ROS production [66]. ROS is used 
for survival of cancer cells in moderate level and kills cancer cells in excessive level 
[66]. Effects of ROS are maintained by cell metabolism by producing antioxidant 
molecules such as reduced glutathione (GSH) and thioredoxin (TRX), which 
depend on the reducing power of NADPH to maintain their function (reference) 
[27]. Sometimes tumor cells overproduce ROS because the NADPH oxidase is 
regulated by the GTPase Rac1, which is a downstream of proto-oncogene Ras [27].  
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ROS when associated with cancer activate various transcription factors such as 
nuclear factor kappa-light-chain-enhancer of activated B cells—NF-κB, activator 
protein-1—AP-1, hypoxia-inducible factor-1α, and signal transducer and activator 
of transcription 3—STAT3, which cause protein expression for inflammation, cell 
transformation, tumor cell survival and proliferation and invasion, angiogenesis, 
and metastasis (reference). ROS also control the expression of different tumor sup-
pressor genes such as p53, retinoblastoma gene (Rb), and phosphatase and tensin 
homolog (PTEN) [70–73].
The several causes for oxidative stress in breast cancer cells are as follows:
• Thymidine phosphorylase induction in cancer cells is caused by oxidative 
stress, an enzyme that is overexpressed in breast cancer. Thymidine phosphor-
ylase catabolizes thymidine to thymine and 2-deoxy-D-ribose-1-phosphate, 
which is a very powerful reducing sugar that rapidly glycates proteins, generat-
ing oxygen radicals within the cancer cell [74].
• Glucose deprivation and hypoxia is caused by continuously usage of blood 
supply which causes increased cellular oxidative stress in MCF-7 breast cancer 
cell line but does not increase in nontransformed cell line, reason being 
glucose deprivation depletes intracellular pyruvate in breast cancer cell, which 
prevents the decomposition of endogenous oxygen radicals [75]. Study done 
[76] supports that breast tumor increases its blood supply, leading to glucose 
deprivation and hypoxia thus causing glucose deprivation, which rapidly 
induces cellular oxidative stress within the MCF-7 breast carcinoma cell line, 
although it does not cause oxidative stress in nontransformed cell lines [75]. 
Cancer cells like breast cancer cells cause increase in blood vessel development 
(angiogenesis process), where blood flow causes hypoxia followed by reperfu-
sion, which leads to myocardial infarction leading to generation of ROS which 
leads to oxidative stress in breast cancer [75].
• Breast tumors are accompanied by macrophage population [75]. Oxygen 
radicals are produced by macrophages; it causes oxidative stress in murine 
mammary tumor cells. Also, tumor necrosis factor is secreted by macrophages, 
which also cause cellular oxidative stress [67, 77].
5.2 Effects of ROS in breast cancer
Increase in mutation rate and tumor progression is caused mainly by ROS in 
which oxygen radicals cause DNA damage, which result in strand breaks, altera-
tions in guanine and thymine bases, and sister chromatid exchanges [78]. ROS lead 
to inactivation of tumor suppressor genes in tumor cells and increase expression 
of proto-oncogenes; thus, genetic instability due to persistent oxidative stress in 
cancer cell will increase malignancy of the tumor [79]. In vitro ROS cause initiation 
of growth sensing signaling pathways due to cell proliferation in response to hydro-
gen peroxide because of activation of mitogen-activated protein kinases (MAPKs), 
like HeLa cells when treated with hydrogen peroxide lead to activation of all three 
MAPK pathways, extracellular signal-related protein kinase, c-Jun amino-terminal 
kinase, and stress-activated protein kinase and p38 [79]. Hyper-phosphorylation of 
c-Jun by oxidative stress activates activator protein-1 in MCF-7 breast cancer cells, 
which stimulates proliferation [80]. Multidrug-resistant human breast carcinoma 
cells lead to activation of extracellular signal-related protein kinase-2 when 
stressed by glucose deprivation [76]. ROS may also cause stimulation of mitosis by 
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MAPK-independent mechanisms. Oncogenic Ras causes ROS production by activat-
ing Rac1 and NADPH-oxidase. It has been also seen that in Ras-transformed human 
fibroblasts, ROS control cell cycle progression without the activation of MAPK 
pathways [81, 82].
5.3 Resistance to therapy
Apoptosis is caused by oxidative stress, which is induced depending on p53 in 
both mouse and human cells [83]. Resistance to apoptosis is caused by persistent 
oxidative stress [84], whereas the resistant to cytolysis by hydrogen peroxide may 
be explained by an upregulation of anti-ROS mechanism in cancer cells. Hydrogen 
peroxide activates anti-apoptotic Akt (protein kinase B) leading response to 
chronic oxidative stress that can be used for anticancer therapy though in radio-
therapy, photodynamic therapy, and other chemotherapies generating oxygen 
radicals showing antitumor activity [85]. This is due to the induction of tumor cell 
apoptosis in response to oxidative stress and oxygen radical prompted DNA dam-
age [85]. This results in persistent oxidative stress within carcinoma cells causes 
resistance to therapy that is further increased by oxygen radicals leading to an 
increasing carcinoma cell expression of P-glycoprotein, the multidrug-resistance 
efflux pump [86].
Angiogenesis, which may be one of the reasons for oxidative stress, leads to 
tumor growth in blood borne metastasis of breast tumor, where oxygen radicals 
cause tumor migration causing increased risk of invasion and metastasis by activa-
tion of p38 MAPK and subsequent phosphorylation of heat shock protein-27 by p38 
MAPK causing changes in actin dynamics [46, 79]. Studies have shown that phos-
phorylated heat shock protein-27 promotes the migration of MDA-MB-231 breast 
cancer cells on laminin-5 in vitro [41]. Oxidative stress in breast tumors causes 
invasion and metastasis by activating MMPs as well as by inhibiting antiproteases. 
MMP-2 as gelatinase has a major role in breast cancer invasion and metastasis; 
once its levels are high, there is a poor prognosis in breast cancer patients [87]. 
Subsequently, MMP-2 is seen more in malignant than in benign breast tumors; 
therefore, it is ROS, which also activate MMP-2 due to reaction of oxygen radicals 
with thiol groups within MMP-2 [88]. Oxygen radicals inactivate protease inhibi-
tors, such as α1-proteinase inhibitor and plasminogen activator by oxidation of 
methionine residues at their active sites [65], leading to protease activation, which 
increase invasion and metastasis processes, for example, plasminogen activator 
causes metastasis [65].
Cancer cells synthesizing ROS at a higher level in vitro and tumors in vivo are 
under persistent oxidative stress, as oxygen radicals lead to a poorer prognosis, 
antioxidants can be used for therapeutic role in breast cancer [89]. Various research 
studies have shown that human melanoma cells were transfected with cDNA 
encoding the antioxidant enzyme manganese superoxide dismutase leading to sup-
pression of malignancy; cells not only lost their ability to form colonies on soft agar 
but also no longer formed tumors in nude mice [89]. Various anticancer therapies 
are there, which add to the oxidative stress within breast cancer such as chemo-
therapeutic agent’s doxorubicin, mitomycin C, etoposide, and cisplatin, which are 
superoxide generating agents [85], radiotherapy, and photodynamic therapy, which 
generate oxygen radicals within the carcinoma cell, and anti-estrogen tamoxifen 
used in breast cancer therapy also induces oxidative stress within cancer cells 
in vitro [90]. Conversion of breast tumors to a tamoxifen-resistant phenotype that 
has been seen is associated with a progressive shift toward a pro-oxidant environ-
ment of cells as a result of oxidative stress [90].
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6. P53
P53 protein, a tumor protein present in humans, which is encoded by the TP53 
gene (tumor suppressor gene), functions to inhibit proliferation of cells and regu-
lates cell cycle, thereby preventing cancer, also called as the guardian of the genome 
as it maintains the stability in a cellular process preventing genetic mutation, under 
normal cellular phenomenon the p53 signaling pathway is in static mode, whereas 
its activation occurs when there is a cellular stresses like DNA damage or oncogene 
activation [91, 92]. Post-translational modifications activate P53 protein for DNA 
binding, transactivating downstream effector genes whose activation depends on 
the nature of stress and its extent. After oxidative stress transcriptional coactiva-
tors, for example, apoptosis stimulating protein of p53 and BRCA1 promotes 
various cellular processes like apoptosis, other components of signaling pathway 
which are targeted for genetic and epigenetic changes in breast cancer, for example, 
activation of MDM2 which acts as a negative feedback regulator of the pathway by 
promoting the degradation of p53 [93].
6.1 P53 mutations in breast cancer
p53 being activator of apoptosis or cell cycle arrest is generated upon DNA dam-
age, or cellular stress has a major role in cancer as it stimulates genomic stability and 
anti-angiogenic effects, manages tumor inflammation and immune response, and 
represses metastases [94]. TP53 is mutated mostly in 50% of all human cancers and in 
20–30% of breast cancers with more than 15,000 different mutations, which makes 
P53 as a potential biomarker for breast cancer [94].
In one of a clinical study, it was studied that in premenopausal women, p53 
mutation is associated with ER and PR tumors, but in postmenopausal women 
having breast cancer, the presence of a p53 mutation is associated with higher body 
mass index (BMI), higher-grade, and poorly differentiated tumors, so women hav-
ing tumors as well as p53 mutations had a 2.4-fold increased risk of dying from their 
disease [53]. In an additional clinical study, it has been shown that TP53 mutated 
noninflammatory locally advanced breast carcinomas respond to doxorubicin-
cyclophosphamide chemotherapy unlike TP53 wild-type tumors, due to senescence 
in TP53 wild-type tumor cell and in MMTV-Wnt1 mammary tumors, growth arrest 
and senescent phenotype were stimulated in TP53 WT tumors following doxoru-
bicin treatment, and there was no apoptosis while the absence of arrest in mutant 
tumors caused aberrant mitosis, cell death, and a better clinical response [53, 95]. 
In ER-positive breast tumors, ER represses the p53-mediated apoptotic response 
induced by DNA damage, but in ER-negative TP53 mutated breast cancers, 
accumulation of genetic abnormalities may lead to mitotic catastrophe and better 
response [95].
6.2 P53 and chemotherapy
Previous clinical studies done on breast cancer patients [96] have seen that ER 
(+) tumors (mostly TP53 wild type) are mostly resistant to chemotherapy, while ER 
(−) tumors (mostly a TP53 mutated) are more chemo sensitive, but in another study, 
it was found that there was no association shown in sensitivity to classical doses of 
taxane-based therapy and mutated TP53 in breast tumor [97]. TP53 wild-type tumor 
cells in human breast xenograft models have the presence of senescence in breast 
cancers in response to the treatment [95] senescence induction and cell cycle arrest in 
TP53 wild type tumors showed tumor proliferation after the end of treatment while 
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genetic abnormalities and mitotic catastrophe would occur with further response to 
treatment in TP53 mutated tumors, which was also seen in MMTV-Wnt1 mammary 
tumors [95]. It has also been seen that growth arrest and senescent phenotype and 
no apoptosis were induced in TP53 wild-type tumors following doxorubicin treat-
ment, while lack of arrest in R-172-H mutant tumors resulted in aberrant mitoses, 
cell death, and a better clinical response; wild-type tumors or mutant tumors, which 
were having a wild-type TP53 allele, did not show apoptosis and did not lose any 
volume as did TP53 mutant tumors [98]. In ER (+) breast cancers, it was shown that 
there is a functional interplay between p53 and ER on a genome wide scale and that 
ER represses the p53-mediated apoptotic response induced by DNA damage, and 
distinct TP53 gene signatures are also needed to evaluate prognosis and response to 
chemotherapy in ER-positive and ER-negative breast cancers [74].
Thus, these clinical findings provide a way how to study p53-mediated response 
to dose-dense doxorubicin-cyclophosphamide chemotherapy in breast carcinomas 
in ER (+) TP53 wild-type breast tumors and that ER-induced inhibition of p53 
apoptotic response would result in tumor cell senescence and resistance to treat-
ment. However, in ER (−) TP53 mutated breast carcinomas, mostly in those having 
lost both TP53 alleles, there is an increase in genetic abnormalities that lead to 
mitotic catastrophe and better response [74].
6.3 P53 and ROS signaling
p53, a tumor suppressor protein being redox active transcription factor, orga-
nizes and directs cell function during various stresses that lead to genomic instabil-
ity, on the other hand, reactive oxygen species (ROS) are products or byproducts 
generated by cells, which function either as signaling molecules or as cell toxicants 
(reference). Cellular concentration and distribution of p53 have a different cellular 
function as ROS act as both up-stream signal that causes p53 activation and down-
stream factor that results in apoptosis [99], subsequently if ROS level is increased 
due to oxidative stress in cancer cell, then p53 level may be increased to maintain its 
stability in the environment [99]. A balance is maintained in cellular concentration 
between oxidant and antioxidant molecules in normal cells, but when the oxidant 
part increases or when a disruption of redox signaling occurs, oxidative stress is 
caused in a redox reaction in the system, which results in damage to DNA, proteins, 
and lipids through oxidative modification resulting in number of diseases and 
chemotherapeutic cytotoxicity [15].
The genomic stability is maintained by tumor suppressor protein p53, but when 
there is a cellular stress like disruption of redox signals, which leads to damage 
DNA, proteins, and lipids. This tumor suppressor gene maintains transcription of 
various genes and directs cell for cell cycle arrest, senescence or apoptosis through 
various activation of target genes, many effector molecules like proteins, noncoding 
RNAs, for example, myc, Hcas or CSE1L, Hzf and miR-34 which help in selecting 
transactivation of p53 target genes leading to various cellular responses comes into 
play [85]. Thus, this oxidative stress is associated with p53-dependent cell cycle 
arrest, DNA repair, and apoptosis, but a clear understanding of the mechanisms of 
the interactions between ROS and p53 is still elusive [100].
In unstressed cell or normal cell, P53 has a small half-life and is present in low 
levels by continuous ubiquitination by Mdm2 COP1 (constitutively photomorpho-
genic 1) and Pirh2 (p53-induced protein with a RING-H2 domain) and derogation 
by 26S proteasome, where the physiological levels of p53 have different effects on 
cellular redox potential either it regulates the pro-oxidant and antioxidant genes or 
it modulates the cellular metabolism [86, 101].
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6.4 Levels of p53 and ROS
Overexpression of p53 transactivates a series of p53-induced genes (PIGs) 
in which many of these PIGs encode redox active proteins including two 
ROS-generating enzymes, NQO1-quinone oxido-reductase, PIG3, and proline 
oxidase (POX, PIG6). The upregulation of these pro-oxidant enzymes will lead 
to oxidative stress and apoptosis [102, 103]. The pro-oxidant genes, which are 
upregulated, are BAX, PUMA, and p66shc in which BAX and PUMA stimulate 
uncoupling of mitochondria, which result in ROS generation from a less efficient 
electron transport chain, and P66shc is a downstream target of p53, which is 
present in cytoplasm and is translocated into mitochondria by prolyl isomerase 
1 (Pin1) and mitochondrial heat shock protein (mtHsp 70), and pro-apoptotic 
stimulation of p66shc oxidizes cytochrome c, which produces H2O2 and opens 
mitochondrial permeability transition pore initiating apoptosis, and upregula-
tion of these pro-oxidant enzymes leads to oxidative stress and consequently to 
apoptosis [102, 103]. More genes have been added to the list of p53-induced pro-
oxidant genes, which include BAX, PUMA, and p66Shc of which BAX and PUMA 
can induce uncoupling of mitochondria, resulting in ROS being generated from a 
less efficient electron transport chain (ETC) [74, 104]. P53 has a downstream tar-
get known as p66Shc, which predominantly exists in cytoplasm and is translocated 
into mitochondria with the help of prolyl isomerase 1 (Pin1) and mitochondrial 
heat shock protein 70 (mtHsp 70) [105, 106].
Oxidative stress is caused by suppression of antioxidant genes by p53, which 
increases cellular ROS, for example, MnSOD (manganese superoxide dismutase) is 
suppressed at the promoter level by p53 activation or overexpression [107].
6.5 Redox regulation of p53
The oxidative stress caused by ROS is related to various p53-mediated 
cell processes like cell cycle arrest, DNA repair, and apoptosis like increase 
in generation of ROS in mitochondria when treated with chemotherapeutic 
agent’s results in apoptosis, while oxidative stress in the nucleus causes cells to 
p53-dependent DNA repair [86, 92]. A number of pathways operating to induce 
redox and p53 signaling select various p53 target genes that decide the final fate 
of the cell have been found significant in studies going on cisplatin and ginkgo 
bilobalide resulted in chemotherapeutics-induced ROS increase C-myc [108]. 
As soon as C-myc levels increase, it causes suppression of p53 transactivation 
of p21Cip1 blocking cell cycle arrest but does not affect p53-transactivation of 
the pro-apoptosis gene PUMA leading to apoptosis [108]. The mechanism 
acts in a same manner as in pathogenic bacterium Pseudomonas aeruginosa 
induced cell death having azurin, a copper-containing redox protein excreted 
by Pseudomonas aeruginosa that binds to p53 and transactivates pro-apoptosis 
protein Bax resulting in apoptosis [108].
6.6 Redox modification
p53-mediated ROS generation is the most important cellular concentration and 
subcellular localization function as P53 is a redox sensitive protein, which under-
goes redox modification and decides the cell fate on the basis of p53 target genes, 
and the other factors such as cell type, stress, and intensity of stimuli give an insight 
into the interaction between ROS and p53 [92, 95].
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7. P38-MAP kinase
Response to extracellular stimuli is managed and regulated by intracellular 
signaling pathways by mitogen-activated protein (MAP) kinase pathways whose 
members are responsible for signaling cascades, mammalian p38s responses, 
inflammatory cytokines (TNF-& IL-1), growth factors (CSF-1), ultraviolet irradia-
tion, heat shock, osmotic shock, function in cell differentiation, apoptosis, and 
autophagy [109]. In general, there are four MAP kinase family subgroups, namely 
extracellular signal-regulated kinases (ERKs), c-jun N-terminal or stress-activated 
protein kinases (JNK/SAPK), ERK/big MAP kinase 1 (BMK1), and the p38 group 
of protein kinases [110]. p38 (p38), a 38-kDa protein when phosphorylated by 
tyrosine as a responsive protein to LPS stimulation (Han et al. 1993) and its kinases 
are divided by Thr-Gly-Tyr (TGY) dual phosphorylation motif residues in a TXY 
(where X is Glu, Pro and Gly in ERKs, JNKs and p38 MAPKs) activation motif by a 
dual specificity, activation of p38 is not only due to responsive nature on stimulus, 
but on cell type as well., Insulin signaling is reported to activate p38 in 3T3-L1 
adipocytes but downregulates p38 in chick forebrain neuron cells [110].
7.1 p38 in the cell cycle
p38 has been studied in G1, G2, and M phases of the cell cycle [30]. p38 MAPK 
controls both the G2/M and G1/S cell cycle checkpoint in retort to cellular stress 
corresponding to DNA damage [30]. It facilitates the cell survival processes and 
initiation/maintenance of cell cycle checkpoints in retort to particular stimuli [30].
7.2 p38 in senescence and tumor suppression
A number of studies have provided evidence of p38 role in tumorigenesis and 
senescence [28], when there is a loss of senescence in tumor cells, it has been found 
that its activation may be decreased in tumors and that its pathway units such as 
MKK3 and MKK6 are lost resulting in increased proliferation [111].
7.3 p38 role in breast cancer
p38 MAPK in survival of tumor cells functions independently of DNA damage 
and supplements to metastasis, but this effect is indirectly regulated by p38 MAPK 
through the mediation of factors responsible for survival or migration of cells, for 
example, basal stimulation of p38 MAPK in B-cell chronic lymphocytic leukemia 
(B-CLL) is required for the MMP-9 metalloprotease for survival of these cells 
grown in the presence of stroma cells [112]. However, in vivo studies found that 
the decreased basal as well as TGFβ1-induced MMP-9 activity in breast cancer cells 
cause inhibition of p38 MAPK pathway by genetic regulators and pharmacological 
compounds causing decreased bone metastases [113].
In cell division and cell survival, p38 is studied at checkpoint control [113]. Role 
of p38 in invasiveness in cultured cell has been seen, which shows that phospho-p38 
level is increased in cultured invasive breast cancer cells [95, 114]; increased expres-
sion of P38 MAPK in breast cancer has been found in relation to poor prognosis and in 
invasiveness and metastasis [115]. Overexpression of phosphorylated-P38 MAPK has 
been seen in ~20% of primary breast carcinomas or in relation to HER2 amplification 
and tamoxifen resistance and is a potential prognostic marker in breast cancer [116]. 
Therefore, the role of P38 MAPK in breast cancer cell proliferation remains a subject 
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of study as it has dual function in survival and proliferation depending on the expres-
sion of mutant TP53 being present in most ER-breast tumors to develop P38 MAPK 
inhibitors for the treatment of TP53-mutated, ER-breast cancers, it is expressed at 
a higher level in ER+ in comparison with ER tumors without post-transductional 
activation as there was no change in the phosphorylation rate of P38 MAPK [116].
8. Role of tamoxifen resistance in breast cancer
A number of studies have reported the role of P38 MAPK in the resistance of ER+ 
breast tumors to endocrine therapy [117] and its relation between activated P38 MAPK 
levels and tamoxifen resistance [114, 118]. It has been reported that P38 MAPK leads to 
increased ER agonist activity through increased phosphorylation of ER and increased 
ER signaling through coactivator regulation [76]. There is switch in estrogen receptor 
signaling from its classical pathway to the AP1-dependent nonclassical pathway upon 
activation of MAPK by anti-estrogens apart from ER being their main target; thus, the 
activation of P38 MAPK can reduce the cellular response to endocrine therapy, which 
has been reported as a biomarker for resistance to endocrine therapy, and its detailed 
study of expression and its activation in breast tumors may provide a new approach 
to the resistance of breast cancer to endocrine therapy; also it has been reported that 
increased phospho-p38 levels have been associated with high expression of EGFR and 
ErbB2 in tamoxifen-resistant xenografts, where it acts to support nuclear functions of 
ER [76]. In matched primary and recurrent tamoxifen-resistant tumors (and a parallel 
study of a mouse xenograft in tamoxifen resistance), a link between phospho-p38 and 
increased ErbB2 with tamoxifen resistance was found [64, 69, 119, 120]. The graphic 
illustration of the pathway is displayed in Figure 1.
Figure 1. 
Signalling pathway affecting estrogen receptor (ER) causing increase in EGFR level leading to cell proliferation 
during tamoxifen resistivity. P53 is increased during resistance and controls p21 function as well. ROS level is 
increased causing cell proliferation which in turn decreases Hsp27 and MAPK-P38 activity during stress lead by 
tamoxifen resistance.
17
Cell Cycle and Factors Involved in Inhibition or Progression of Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.92576
Author details
Shazia Ali, Mohd Ishaq Dar, Rafiq A. Rather and Dil Afroze*
Advanced Center for Human Genetics, Sher-i-Kashmir Institute of Medical 
Sciences, Srinagar, Jammu and Kashmir, India
*Address all correspondence to: afrozedil@gmail.com
Acknowledgements
The authors acknowledge Sheri Kashmir Institute of Medical Sciences for 
academic support.
Conflict of interest
The authors declare no conflict of interest.
© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
18
Breast Cancer Biology
[1] Qin C et al. Estrogen up-regulation 
of p53Gene expression in MCF-7 
breast cancer cells is mediated by 
calmodulin kinase IV-dependent 
activation of a nuclear factor Î°B/
CCAAT-binding transcription factor-1 
complex. Molecular Endocrinology. 
2002;16(8):1793-1809
[2] Mendoza-Carrera F et al. Influence 
of CRP, IL6, and TNFA gene 
polymorphisms on circulating levels 
of C-reactive protein in Mexican 
adolescents. Archives of Medical 
Research;41(6):472-477
[3] Tonetti DA et al. Stable transfection 
of an estrogen receptor beta cDNA 
isoform into MDA-MB-231 breast 
cancer cells. The Journal of Steroid 
Biochemistry and Molecular Biology. 
2003;87(1):47-55
[4] Alexis RB, Heldt FS, Zhang T,  
Bakal C, Bela Nova K, et al. Cell 
Systems. 2016;2:27-37
[5] Marcos MPI, González-Sarmiento R, 
Laso FJ. Common polymorphisms in 
interleukin genes (IL4, IL6, IL8 and 
IL12) are not associated with alcoholic 
liver disease or alcoholism in Spanish 
men. Cytokine. 2009;45:158-161
[6] Hall JM. The estrogen receptor 
Â-isoform (ERÂ) of the human estrogen 
receptor modulates ERÂ transcriptional 
activity and is a key regulator of 
the cellular response to estrogens 
and antiestrogens. Endocrinology. 
1999;140(12):5566-5578
[7] Sherr JC. G1 phase progression: 
Cycling on cue. Cell. 1994;79(4): 
551-555
[8] Baldin VLJ, Marcote MJ, Pagano M, 
Draetta G. Cyclin D1 is a nuclear  
protein required for cell cycle 
progression in G1. Genes & 
Development. 1993;7(5):812-821
[9] Heinrich PC et al. Principles of 
interleukin (IL)-6-type cytokine 
signalling and its regulation. 
Biochemical Journal. 2003;374(1): 
1-20
[10] JR N. E2F: A link between 
the Rb tumor suppressor protein 
and viral oncoproteins. Science. 
1992;258(5081):422-429
[11] Mardo Kõivomägi EV, Venta R, 
Iofik A, Lepiku M, Morgan DO, Loog M. 
Dynamics of Cdk1 substrate specificity 
during the cell cycle. Molecular Cell. 
2011;42(5-4):610-623
[12] Neuhold Barbara Wold L. HLH 
forced dimers: Tethering MyoD to 
E47 generates a dominant positive 
myogenic factor insulated from 
negative regulation by Id. Cell. 
1993;74(6):1033-1042
[13] Clarke R et al. Antiestrogen 
resistance in breast cancer and the 
role of estrogen receptor signaling. 
Oncogene. 2003;22(47):7316-7339
[14] Novak BTJ, Gyorffy B, 
Csikasz-Nagy A. Irreversible cell-cycle 
transitions are due to systems-level 
feedback. 2007;9(7):724-728
[15] Ali F, Hindley C, McDowell G,  
Deibler R, Jones A, Kirschner M, 
et al. Cell cycle-regulated multi-site 
phosphorylation of Neurogenin 2 
coordinates cell cycling with 
differentiation during neurogenesis. 
2011;138(9):4267-4277
[16] Aster VKAANFJ. Robbins and 
Cotran Pathologic Basis of Disease, 
Professional Edition. 8th ed. 2009
[17] Housman G, Byler S, Heerboth S,  
Lapinska K, Longacre M, Snyder N,  
et al. Drug resistance in cancer: An 
overview. Cancers (Basel). 2014;6(3): 
1769-1792
References
19
Cell Cycle and Factors Involved in Inhibition or Progression of Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.92576
[18] Pernas S, Sara M. Tolaney HER2-
positive breast cancer: New therapeutic 
frontiers and overcoming resistance. 
Therapeutic Advances in Medical 
Oncology. 2019;11:1758835919833519
[19] Caponero CHBCSJVR. What is 
the role of chemotherapy in estrogen 
receptor-positive, advanced breast 
cancer? Annals of Oncology. 2009;20(7)
[20] Stuart Johnson DNG, Louie TJ, 
Ruiz NM, Gorbach SL. Sustained clinical 
response as an endpoint in treatment 
trials of Clostridium difficile-associated 
diarrhea. Antimicrobial Agents and 
Chemotherapy. 2012;56(8):4043-4045
[21] Archer SG et al. Expression of ras 
p21, p53 and c-erbB-2 in advanced 
breast cancer and response to first line 
hormonal therapy. British Journal of 
Cancer. 1995;72(5):1259-1266
[22] Varma H, Conrad SE. Reversal of 
an antiestrogen-mediated cell cycle 
arrest of MCF-7 cells by viral tumor 
antigens requires the retinoblastoma 
protein-binding domain. Oncogene. 
2000;19(41):4746-4753
[23] Prall OWJ et al. Estrogen-induced 
activation of Cdk4 and Cdk2 during 
G1-S phase progression is accompanied 
by increased cyclin D1 expression 
and decreased cyclin-dependent 
kinase inhibitor association with 
cyclin E-Cdk2. Journal of Biological 
Chemistry. 1997;272(16):10882-10894
[24] Manna S, Holz MK. Tamoxifen 
action in ER-negative breast cancer. 
Signal Transduction Insights. 2016;5:1-7
[25] Ghayad SE et al. Endocrine 
resistance associated with activated 
ErbB system in breast cancer cells is 
reversed by inhibiting MAPK or PI3K/
Akt signaling pathways. International 
Journal of Cancer;126(2):545-562
[26] Fan P et al. Long-term treatment 
with tamoxifen facilitates translocation 
of estrogen receptor Â out of the 
nucleus and enhances its interaction 
with EGFR in MCF-7 breast cancer cells. 
Cancer Research. 2007;67(3):1352-1360
[27] Becker KA et al. Estrogen and 
progesterone regulate radiation-induced 
p53 activity in mammary epithelium 
through TGF-Î2-dependent pathways. 
Oncogene. 2005;24(42):6345-6353
[28] Ciardiello FTG. EGFR antagonists 
in cancer treatment. The New England 
Journal of Medicine. 2008;358(11): 
1160-1174
[29] Mitsudomi TMS, Yatabe Y, Negoro S, 
Okamoto I, Tsurutani J, Seto T, et al. 
Gefitinib versus cisplatin plus docetaxel 
in patients with non-small-cell lung 
cancer harbouring mutations of the 
epidermal growth factor receptor 
(WJTOG3405): An open label, 
randomised phase 3 trial. The Lancet 
Oncology. 2010;11(2):121-128
[30] Wang Z et al. Identification, cloning, 
and expression of human estrogen 
receptor-Î±36, a novel variant of human 
estrogen receptor-Î±66. Biochemical and 
Biophysical Research Communications. 
2005;336(4):1023-1027
[31] Predicting response to endocrine 
therapy in breast cancer. Pharma. 
1975;12(1):11
[32] Fernandez DCBR, Hewitt SM, 
Levin IW. Infrared spectroscopic imaging 
for histopathologic recognition. Nature 
Biotechnology. 2005;23(4):469-474
[33] Kaufman B et al. Trastuzumab plus 
anastrozole versus anastrozole alone for 
the treatment of postmenopausal women 
with human epidermal growth factor 
receptor 2-positive, hormone receptor-
positive metastatic breast cancer: Results 
from the randomized phase III TAnDEM 
study. Journal of Clinical Oncology. 
2009;27(33):5529-5537
[34] Hewitt SC, Couse JF, Korach KS. 
Estrogen receptor transcription and 
Breast Cancer Biology
20
transactivation estrogen receptor 
knockout mice: What their phenotypes 
reveal about mechanisms of estrogen 
action. Breast Cancer Research. 
2000;2(5)
[35] Zakaria Z, Zulkifle MF, 
Hasan WANW, Azhari AK, Raub SHA, 
Eswaran J, et al. Epidermal growth 
factor receptor (EGFR) gene alteration 
and protein overexpression in Malaysian 
triple-negative breast cancer (TNBC) 
cohort. OncoTargets and Therapy. 
2019;12:7749-7756
[36] Wang E, Jiang Z, Ben-David Y, 
et al. Molecular stratification within 
triple-negative breast cancer subtypes. 
Scientific Reports. 2019;9:19107
[37] Bergh J et al. Complete sequencing 
of the p53 gene provides prognostic 
information in breast cancer patients, 
particularly in relation to adjuvant 
systemic therapy and radiotherapy. 
Nature Medicine. 1995;1(10):1029-1034
[38] Keung MYT, Wu Y, Vadgam JV. 
PARP inhibitors as a therapeutic agent 
for homologous recombination 
deficiency in breast cancers. Journal of 
Clinical Medicine. 2019;8(4):435
[39] Agostini L et al. NALP3 forms an 
IL-1Î-processing inflammasome with 
increased activity in muckle-Wells 
autoinflammatory disorder. Immunity. 
2004;20(3):319-325
[40] Rogalla T et al. Regulation of Hsp27 
oligomerization, chaperone function, 
and protective activity against oxidative 
stress/tumor necrosis factor Î± by 
phosphorylation. Journal of Biological 
Chemistry. 1999;274(27):18947-18956
[41] Vidyasagar A, Wilson NA, 
Djamali A. Heat shock protein 27 
(HSP27): Biomarker of disease and 
therapeutic target. Fibrogenesis & 
Tissue Repair. 2012;5:7
[42] Rust W et al. Heat shock protein 27 
plays two distinct roles in controlling 
human breast cancer cell migration 
on Laminin-5. Molecular Cell 
Biology Research Communications. 
1999;1(3):196-202
[43] Mehlen P et al. Large unphos-
phorylated aggregates as the active form 
of hsp27 which controls intracellular 
reactive oxygen species and glutathione 
levels and generates a protection 
against TNFÎ± in NIH-3T3-ras cells. 
Biochemical and Biophysical Research 
Communications. 1997;241(1):187-192
[44] Charette SJ, Landry J. The 
interaction of HSP27 with Daxx 
identifies a potential regulatory role of 
HSP27 in Fas-induced apoptosis. Annals 
of the New York Academy of Sciences. 
2006;926(1):126-131
[45] Cai D et al. Local and systemic 
insulin resistance resulting from hepatic 
activation of IKK-Î2 and NF-Î°B. Nature 
Medicine. 2005;11(2):183-190
[46] Landry J, Huot J. 6. Regulation 
of actin dynamics by stress-activated 
protein kinase 2 (SAPK2)-dependent 
phosphorylation of heat-shock 
protein of 27 kDa (Hsp27). In: Cellular 
Responses to Stress. Princeton 
University Press
[47] Parcellier A et al. Small heat shock 
proteins HSP27 and Î±B-Crystallin: 
Cytoprotective and oncogenic 
functions. Antioxidants & Redox 
Signaling. 2005;7(3-4):404-413
[48] Abisambra JF, Jinwal UK, 
Jones JR, Blair LJ, Koren J, Dickey CA. 
Exploiting the diversity of the heat-
shock protein family for primary and 
secondary tauopathy therapeutics. 
Current Neuropharmacology. 
2011;9(4):623-631
[49] Ciocca DR, Calderwood SK. Heat 
shock proteins in cancer: Diagnostic, 
prognostic, predictive, and treatment 
implications. Cell Stress & Chaperones. 
2005;10(2):86
21
Cell Cycle and Factors Involved in Inhibition or Progression of Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.92576
[50] Mallerstram E et al. Up-regulation 
of cell cycle arrest protein BTG2 
correlates with increased overall 
survival in breast cancer, as detected 
by immunohistochemistry using tissue 
microarray. BMC Cancer;10(1)
[51] Zhang D, Wong L, Koay ESC. 
Phosphorylation of Ser78 of Hsp27 
correlated with HER-2/neu status and 
lymph node positivity in breast cancer. 
Molecular Cancer. 2007;6(1):52
[52] Chatterjee S, Burns TF. Targeting 
heat shock proteins in cancer: A 
promising therapeutic approach. 
International Journal of Molecular 
Sciences. 2017;18(9):1978
[53] Author index to volume 6. Current 
Molecular Medicine. 2007;7(1):1-4
[54] Day CP, James OFW. Steatohepatitis: 
A tale of two “hits”? Gastroenterology. 
1998;114(4):842-845
[55] Bartkova JHZ, Koed K, Krämer A, 
Tort F, Zieger K, Guldberg P, et al. 
DNA damage response as a candidate 
anti-cancer barrier in early 
human tumorigenesis. Nature. 
2005;14(434):864-870
[56] Shibata AMD, Arvai AS, Perry J, 
Harding SM, Genois MM, Maity R, 
et al. DNA double-strand break repair 
pathway choice is directed by distinct 
MRE11 nuclease activities. Molecular 
Cell. 2014;9(53):7-18
[57] Nagelkerke KA, van Kuijk SJA,  
Sweep FCGJ, Nagtegaal ID, 
Hoogerbrugge N, Martens JWM, et al. 
Constitutive expression of γ-H2AX has 
prognostic relevance in triple negative. 
Breast Cancer. 2011;101(1):39-45
[58] Fagerholm RHB, Tommiska J,  
Aaltonen K, Vrtel R, Syrjäkoski K, 
Kallioniemi A, et al. NAD(P)H:quinone 
oxidoreductase 1 NQO1 2 genotype 
(P187S) is a strong prognostic and 
predictive factor in breast cancer. Nature 
Genetics. 2008;40(7):844-853
[59] Fardoun MM, Nassif J, Issa K, 
Baydoun E, Eid AH, A.i.A.n.C.a.L.i. 
Disclaimer, Raynaud’s phenomenon: 
A brief review of the underlying 
mechanisms. Frontiers in Pharmacology. 
2016;7:438
[60] McGlynn EA, Asch SM, Adams J, 
Keesey J, Hicks J, DeCristofaro A, et al. 
The quality of health care delivered 
to adults in the United States. The 
New England Journal of Medicine. 
2003;348:2635-2645
[61] Buisson RDCA, Coulombe Y, 
Launay H, Cai H, Stasiak AZ, Stasiak A, 
et al. Cooperation of breast cancer 
proteins PALB2 and piccolo BRCA2 in 
stimulating homologous recombination. 
Nature Structural & Molecular Biology. 
2010;17(10):1247-1254
[62] Murai JHS, Das BB, Renaud A,  
Zhang Y, Doroshow JH, Ji J, et al. 
Trapping of PARP1 and PARP2 by 
clinical PARP inhibitors. Cancer 
Research. 2012;1(72):5588-5599
[63] Gerratanaa L, Basilea D, et al. 
Androgen receptor in triple negative 
breast cancer: A potential target for the 
targetless subtype. Cancer Treatment 
Reviews. 2018;68:102-110
[64] Wu N, Zhang J, Zhao J, Mu K, 
Zhang J, Jin Z, et al. The overview 
of breast cancer: Related signaling 
pathways, therapeutic targets precision 
medicine based on tumorigenic 
signaling pathways for triple negative 
breast cancer. 2018:4984-4996
[65] Swaim MW, Pizzo SV. Review: 
Methionine sulfoxide and the oxidative 
regulation of plasma proteinase 
inhibitors. Journal of Leukocyte Biology. 
1988;43(4):365-379
[66] MG. PARP inhibitors stumble in 
breast cancer. Nature Biotechnology. 
2011;29(5):373
[67] Claire Y, Wenham J, Claire PGC, 
Wenham YJ. The role of synovitis in 
Breast Cancer Biology
22
osteoarthritis. Therapeutic Advances in 
Musculoskeletal Disease. 2001;6(10)
[68] Reilly NM, Novara L, Di 
Nicolantonio F, Bardelli A. Exploiting 
DNA repair defects in colorectal cancer. 
2019;03
[69] Yu Z, Song YB, Cui Y, Fu AQ. 
Effects of AIF-1 inflammatory factors 
on the regulation of proliferation of 
breast cancer cells. Journal of Biological 
Regulators and Homeostatic Agents. 
2019;33(4):1085-1095
[70] Takahashi KYS. Induction of 
pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures 
by defined factors. Cell. 2006;126(4): 
663-676
[71] Meyers CASJ, Bezjak A, Mehta MP, 
Liebmann J, Illidge T, Kunkler I, et al. 
Neurocognitive function and progression 
in patients with brain metastases 
treated with whole-brain radiation and 
motexafin gadolinium: Results of a 
randomized phase III trial. Journal of 
Clinical Oncology. 2004;1(22):157-165
[72] Gupta SCPS, Aggarwal BB. 
Therapeutic roles of curcumin: Lessons 
learned from clinical trials. The AAPS 
Journal. 2013;15(1):195-218
[73] Aubrey BJ, Strasser A, Kelly GL. 
Tumor suppressor functions of the 
TP53 pathway. Cold Spring Harbor 
Perspectives in Medicine. 2016;6(5): 
a026062
[74] Bailey ST et al. Estrogen receptor 
prevents p53-dependent apoptosis 
in breast cancer. Proceedings 
of the National Academy of 
Sciences;109(44):18060-18065
[75] Spitz DRSJ, Ridnour LA, 
Galoforo SS, Lee YJ. Glucose deprivation-
induced oxidative stress in human 
tumor cells. A fundamental defect in 
metabolism? Annals of the New York 
Academy of Sciences. 2000;899:349-362
[76] Commentaire du Travail, de Lee YJ, 
et al. Endoscopy;47(11):1065
[77] Fraser-Brace V, County SJ, et al. 
International Law Reports. Cambridge 
University Press. pp. 217-233
[78] Wiseman H, Halliwell B. Damage to 
DNA by reactive oxygen and nitrogen 
species: Role in inflammatory disease 
and progression to cancer. Biochemical 
Journal. 1996;313(1):17-29
[79] Bose S et al. Allelic loss of 
chromosome 10q23 is associated with 
tumor progression in breast carcinomas. 
Oncogene. 1998;17(1):123-127
[80] Schiff R. Cross-talk between 
estrogen receptor and growth 
factor pathways as a molecular 
target for overcoming endocrine 
resistance. Clinical Cancer Research. 
2004;10(1):331S-3336S
[81] Irani K et al. Mitogenic signaling 
mediated by oxidants in Ras-
transformed fibroblasts. Science. 
1997;275(5306):1649-1652
[82] Sarmiento-Salinas FL, Delgado-
Magallón A, Montes-Alvarado JB, 
Ramírez-Ramírez D, Flores-Alonso JC, 
Cortés-Hernández P, et al. Breast cancer 
subtypes present a differential production 
of reactive oxygen species (ROS) and 
susceptibility to antioxidant treatment. 
Frontiers in Oncology. 2019;9:480
[83] Berger CE et al. p53, a target of 
estrogen receptor (ER), modulates 
DNA damage-induced growth 
suppression in ER-positive breast 
cancer cells. Journal of Biological 
Chemistry;287(36):30117-30127
[84] Casado P et al. Vincristine regulates 
the phosphorylation of the antiapoptotic 
protein HSP27 in breast cancer cells. 
Cancer Letters. 2007;247(2):273-282
[85] Kawahara N et al. Enhanced 
coexpression of thioredoxin and high 
mobility group protein 1 genes in 
23
Cell Cycle and Factors Involved in Inhibition or Progression of Breast Cancer
DOI: http://dx.doi.org/10.5772/intechopen.92576
human hepatocellular carcinoma and 
the possible association with decreased 
sensitivity to cisplatin. Hepatology 
Research. 1997;7(1):71-71
[86] Ziemann C et al. Reactive oxygen 
species participate in mdr1b mRNA 
and P-glycoprotein overexpression 
in primary rat hepatocyte cultures. 
Carcinogenesis. 1999;20(3):407-414
[87] Duffy MJ et al. Breast Cancer 
Research. 2000;2(4)
[88] Rajagopalan S et al. Reactive oxygen 
species produced by macrophage-
derived foam cells regulate the activity 
of vascular matrix metalloproteinases 
in vitro. Implications for atherosclerotic 
plaque stability. Journal of Clinical 
Investigation. 1996;98(11):2572-2579
[89] Church SL et al. Increased 
manganese superoxide dismutase 
expression suppresses the malignant 
phenotype of human melanoma cells. 
Proceedings of the National Academy of 
Sciences. 1993;90(7):3113-3117
[90] Ferlini C et al. Tamoxifen induces 
oxidative stress and apoptosis in 
oestrogen receptor-negative human 
cancer cell lines. British Journal of 
Cancer. 1998;79(2):257-263
[91] Ciribilli Y et al. The coordinated P53 
and estrogen receptor cis-regulation 
at an FLT1 promoter SNP is specific 
to genotoxic stress and estrogenic 
compound. PLoS One;5(4):e10236
[92] Al-Madhoun AS et al. The 
interaction and cellular localization of 
HSP27 and ERÎ2 are modulated by 17Î2-
estradiol and HSP27 phosphorylation. 
Molecular and Cellular Endocrinology. 
2007;270(1-2):33-42
[93] Mantovani F, Collavin L, Del Sal G. 
Mutant p53 as a guardian of the cell. Cell 
Differentiation. 2019;26:199-212
[94] Petitjean A et al. Impact of 
mutant p53 functional properties 
onTP53mutation patterns and tumor 
phenotype: Lessons from recent 
developments in the IARC TP53 database. 
Human Mutation. 2007;28(6):622-629
[95] Bertheau P et al. p53 in breast cancer 
subtypes and new insights into response 
to chemotherapy. The Breast;22:S27-S29
[96] Bunz FHP, Torrance C, Waldman T, 
Zhang Y, Dillehay L, Williams J, et al. 
Disruption of p53 in human cancer cells 
alters the responses to therapeutic agent. 
The Journal of Clinical Investigation. 
1999;104(3):263s-269s
[97] Lonning P et al. Breast cancer 
prognostication and prediction in the 
postgenomic era. Annals of Oncology. 
2007;18(8):1293-1306
[98] Jackson TA et al. The partial agonist 
activity of antagonist-occupied steroid 
receptors is controlled by a novel 
hinge domain-binding coactivator 
L7/SPA and the corepressors N-CoR 
or SMRT. Molecular Endocrinology. 
1997;11(6):693-705
[99] Liu W et al. Disruption of estrogen 
receptor 1-p53 interaction in breast 
tumors: A novel mechanism underlying 
the anti-tumor effect of radiation 
therapy. Breast Cancer Research and 
Treatment. 2008;115(1):43-50
[100] Kanagasabai R et al. Forced 
expression of heat shock protein  
27 (HSP27) reverses P-glycoprotein 
(ABCB1)-mediated drug efflux 
and MDR1 gene expression in 
adriamycin-resistant human breast 
cancer cells. Journal of Biological 
Chemistry;286(38):33289-33300
[101] Dornan DWI, Shimizu H, Arnott D, 
Frantz GD, Dowd P, O’Rourke K, et al. 
The ubiquitin ligase COP1 is a critical 
negative regulator of p53. Nature. 
2004;6(429):86-92
[102] Polyak. Mathematical 
Programming. 1997;76:265
Breast Cancer Biology
24
[103] Rivera A. Groundwater news. 
Natural Resources Canada/ESS/Scientific 
and Technical Publishing Services. 2005
[104] Sablina AA et al. The antioxidant 
function of the p53 tumor suppressor. 
Nature Medicine. 2005;11(12):1306-1313
[105] Trinei M et al. A p53-p66Shc 
signalling pathway controls 
intracellular redox status, levels of 
oxidation-damaged DNA and oxidative 
stress-induced apoptosis. Oncogene. 
2002;21(24):3872-3878
[106] Pinton P, Rizzuto R. p66Shc, 
oxidative stress and aging: Importing a 
lifespan determinant into mitochondria. 
Cell Cycle. 2008;7(3):304-308
[107] Drane P et al. Reciprocal down-
regulation of p53 and SOD2 gene 
expression-implication in p53 mediated 
apoptosis. Oncogene. 2001;20(4):430-439
[108] Zhou R et al. A role for 
mitochondria in NLRP3 inflammasome 
activation. Nature;469(7329):221-225
[109] Banin S. Enhanced phos-
phorylation of p53 by ATM in 
response to DNA damage. Science. 
1998;281(5383):1674-1677
[110] Tyler Zarubin QJ, New L, 
Han J. Identification of eight genes 
that are potentially involved in 
tamoxifensensitivity in breast cancer 
cells. Cell Research. 2005;15(6):439-446
[111] Brancho DTN, Jaeschke A,  
Ventura JJ, Kelkar N, Tanaka Y, 
Kyuuma M, et al. Mechanism of p38 
MAP kinase activation in vivo. Genes & 
Development. 2003;17(16):1969-1978
[112] White CPAE. Does control of 
mutant p53 by Mdm2 complicate 
cancer therapy. Genes & Development. 
2008;22(10):1259-1264
[113] Wheeler TMSK, Lueck JD,  
Osborne RJ, Lin X, Dirksen RT,  
Thornton CA. Reversal of RNA 
dominance by displacement of protein 
sequestered on triplet repeat R. Science. 
2009;325(5938):336-339
[114] Massarweh S et al. Tamoxifen 
resistance in breast tumors is driven by 
growth factor receptor signaling with 
repression of classic estrogen receptor 
genomic function. Cancer Research. 
2008;68(3):826-833
[115] Smith LM et al. cJun 
overexpression in MCF-7 breast cancer 
cells produces a tumorigenic, invasive 
and hormone resistant phenotype. 
Oncogene. 1999;18(44):6063-6070
[116] Cancello RHC, Viguerie N, Taleb S, 
Poitou C, Rouault C, Coupaye M, et al. 
Reduction of macrophage infiltration 
and chemoattractant gene expression 
changes in white adipose tissue 
of morbidly obese subjects after 
surgery-induced weight loss. Diabetes. 
2005;54(8):2277-2286
[117] Martin ECES, Rhodes LV, 
Antoon JW, Fewell C, Zhu Y, Driver JL, 
et al. Preferential star strand biogenesis 
of pre-miR-24-2 targets PKC-alpha and 
suppresses cell survival in MCF-7 breast 
cancer cells. Molecular Carcinogenesis. 
2014;53(1):38-48
[118] Gregory M, Gutierrez M, Chow JW, 
Tillman MD, McCoy SC, Castellano MV, 
et al. Resistance training improves gait 
kinematics in personswith multiple 
sclerosis. Archives of Physical Medicine 
and Rehabilitation. 2005;86
[119] Hommes DW, Peppelenbosch MP, 
van Deventer SJH. Mitogen activated 
protein (MAP) kinase signal 
transduction pathways and novel 
anti-inflammatory targets. Gut. 
2003;52(1):144-151
[120] Soni S, Anand P, Padwad YS. 
PMAPKINAS E MAPKAPK2: The master 
regulator of RNA-binding proteins 
modulates transcript stability and tumor 
progression. Journal of Experimental & 
Clinical Cancer Research. 2019;38:121
